A novel fluorescence assay for quantifying lysophospholipase activity is described which utilizes a commercially available acrylodated intestinal fatty-acid-binding protein (ADIFAB) and non-radiolabelled substrate. Quantification of enzyme activity is based on the decrease in ADIFAB fluorescence at 432 nm in the presence of nanomolar concentrations of non-esterified ('free') fatty acids. Lysophospholipase activity measured by the ADIFAB assay and a conventional radiometric assay yield comparable results and have comparable levels of sensitivity (-10 pmol/min per ml). The ADIFAB assay has the advantageous features of continuous monitoring of enzyme activity and the availability of a broad range of potential substrates,
INTRODUCTION
Lysophospholipids play an important role in the pathogenesis of a broad spectrum of diseases and have been associated with myocardial infarctions, infections, neoplasia and asthma [1] [2] [3] [4] [5] [6] . Specific lysophospholipids can participate in the regulation of signal-transduction processes and biological events, including modulation of protein kinase C activity, ion fluxes, G-proteindependent signalling, mitogenic stimulation of cells and degranulation of mast cells [7] [8] [9] [10] [11] [12] [13] [14] [15] . Given the varied functions of lysophospholipids, the concentrations of these lipids must be regulated. One mechanism of regulation is hydrolysis by a lysophospholipase. Increased lysophospholipase activity has been implicated in such functions as protection of cells from the cytotoxic effects of lysophospholipids, attenuation of signaltransduction processes and host-mediated destruction of parasites [4, 16, 17] . In parallel with the diversity of processes in which lysophospholipases are implicated, they are diverse in their biochemical and physical properties [1 8-20] . Lysophospholipases have been isolated from a number of different tissues and cell types, including brain, liver, pancreas, neutrophils, eosinophils, macrophages and platelets [21] [22] [23] [24] [25] [26] [27] . Some proteins have both lysophospholipase and phospholipase A2 activities (phospholipase Bs), and these enzymes have been isolated from such varied sources as Vibrio parahaemolyticus, and mammalian intestine and macrophages [28] [29] [30] [31] [32] .
The determination of the substrates hydrolysed by each lysophospholipase is important in elucidating the functions of the individual enzymes. Substrate-specificity studies are limited by the availability of radiolabelled substrates for radiometric analyses and by the availability of sufficient enzyme for pH-stat assays. In the present paper a new lysophospholipase-activity assay is reported which utilizes non-radiolabelled substrates and yet has the sensitivity of a radiometric assay. This assay employs because non-radiolabelled lysophospholipids can be employed in the assay. The hydrolytic activities of four lysophospholipases were determined, including a bacterial secreted phospholipase A2/lysophospholipase, the human-eosinophil-secreted lysophospholipase, a human intracellular lysophospholipase (peak 3) isolated from HL-60 cells and a high-molecular-mass cytosolic phospholipase A2/lysophospholipase from a mouse mammary carcinoma. Each Figure 1 and tabulated for myristic, palmitic, stearic and oleic acids in Table 1 .
Radiometric lysophospholipase assay
Radiometric assays were performed largely as previously described [19] . Briefly, the assay mixture contained 10 ,M 1-[14C]palmitoyl-sn-glycero-3-phosphocholine (190 , uCi 
RESULTS
Fluorescence assay for the measurement of lysophospholipase activity The ADIFAB lysophospholipase assay was developed and optimized using a Vibrio lysophospholipase, since large amounts of this commercially purified enzyme were available. When this enzyme was incubated with l-palmitoyl-sn-glycero-3-phosphocholine and ADIFAB, there was a decrease in fluorescence, indicative of the release of non-esterified fatty acid ( Figure 2a ). The magnitude of the decrease in fluorescence increased as a function both of time and of protein concentration. There was also a slight change in fluorescence in the absence of enzyme which increased as a function of time ( Figure 2a , curve B). Thus the enzyme activity (release of fatty acid/unit of time per unit of enzyme) was calculated from the non-esterified-fatty-acid value determined with the enzyme minus the 'free fatty acid' value observed without the enzyme. The enzyme activity is indicated in Figure 2 The assays were performed with 10 #M 1-palmitoyl-s/-glycero-3-phosphocholine, 50 mM Tris, pH 7.5, and 7.5 ng/ml Vibrio enzyme, as indicated, plus ADIFAB added to fluorescence-assay reaction mixture. Samples were incubated for 20 min at room temperature and the activity then determined as described in the Materials and methods section. (a) ADIFAB assay; (b) radiometric assay.
3 Figure 4 ADIFAB and radiometric analyses of Vibrio lysophospholipase activity as a function of substrate concentraton A comparison of lysophospholipase activity as measured using the ADIFAB (0) and radiometric (A) assay methods. The procedures used here were as described in Figure 3 , with various substrate concentrations as indicated.
[42]. The critical micelle concentration (c.m.c.) of l-palmitoyl-snglycero-3-phosphocholine has been estimated to be between 4.3 and 8.3 ,M [39-41] , and it is likely that non-esterified fatty acid will partition preferentially into lipid vesicles, e.g. 2.40% of 10,uM oleic acid is non-esterified when it is incubated with 100 ,uM phosphatidylcholine [42] . This suggests that the decrease in the non-esterified fatty acid observed in ADIFAB assays containing more than 15 MM lysophosphatidylcholine relates to association of the non-esterified fatty acid with the lysophospholipid micelles. Figure 6 Substrate specfficity of the murine phospholipase A2/lyso- Figure 5 Substrate specifcity of Vibrio lysophospholipase using the phospholipase ADIFAB assay
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The Vibrio enzyme (10 ng/ml) was assayed using ADIFAB (0.5 mg/ml) in 0.1 M Tris, pH 7.5. is being employed. The c.m.c. of the various substrates is often difficult to determine, and may also be affected by various salt concentrations and pH. Therefore we have found that either performing the assays with several different concentrations of substrate or diluting the assay mixture severalfold prior to quantifying the reaction in the fluorimeter is useful for circumventing this problem. Both types of controls were done for all of the substrates used in these experiments.
Hydrolysis of lysophosphollpids by a Vibrio lysophospholipase
The ability of the Vibrio lysophospholipase to hydrolyse lysophospholipids with differing polar headgroups and differing fatty-acyl substituents was evaluated ( Figure 5 ). The fatty-acyl preference varied as a function of the polar headgroup of the lysophospholipid, although all lysophospholipids assayed with a stearoyl group were poor substrates. Hydrolysis of lysophospholipids with different polar headgroups was observed, and the palmitoyl and oleoyl lysophosphatidylcholines were the preferred substrates ( Figure 5 ). their relative hydrolysis of substrates differing in t-heir fatty-acyl substituents and polar headgroups. The data are summarized in Table 2 . All three enzymes catalysed significant hydrolysis of lysophosphatidylcholines; however, each enzyme had a distinctive hydrolytic profile with respect to specific lysophosphatidylcholines. All the lysophospholipases effectively hydrolysed lysophosphatidylcholine with either an oleoyl or a palmitoyl group in the sn-l position (Figures 6-8 ; Table 2 ). The murine phospholipase A2/lysophospholipase and the eosinophil enzyme were also highly active with l-myristoyl-sn-glycero-3-phosphocholine and hydrolysed l-stearoyl-sn-glycero-3-phosphocholine, while the HL-60 enzyme did not. Only the eosinophil and HL-60 derived enzymes exhibited significant hydrolysis of l-oleoyl-2-acetyl-sn-glycero-3-phosphocholine (Figures 6d, 7d and 8d; Table 2 ), while the murine phospholipase A2/lysophospholipase failed to hydrolyse an sn-l oleoyl group when the sn-2 position was acetylated.
In addition to the specificity with respect to lysophosphatidylcholines with various sn-l and sn-2 substituents, the three enzymes also exhibited distinctive specificities of hydrolysis with respect to variations in the polar headgroups of lysophospholipids. This was most dramatic with respect to the mitogenic lysophospholipid lysophosphatidic acid (Figures 6b,  7b and 8b ). Lysophosphatidic acid (palmitoyl, myristoyl and oleoyl) was the preferred substrate of the eosinophil enzyme, whereas the HL-60 enzyme hydrolysed the lysophosphatidic acid substrates at less than 9 % ofthe rate ofhydrolysis of 1-palmitoylsn-glycero-3-phosphocholine. The murine phospholipase A2/ lysophospholipase hydrolysed the lysophosphatidic acid substrates very poorly, and only the l-oleoyl-and l-palmitoyl-snglycero-3-phosphates were hydrolysed, at rates that were 28 and 9% respectively of the rate of hydrolysis of l-palmitoyl-snglycero-3-phosphocholine (Figures 6-8 ; Table 2 ). Hydrolysis of l-stearoyl-sn-glycero-3-phosphate was observed only with the HL-60 enzyme. Thus, while not exhibiting the highest activity with lysophosphatidic acid substrates, the HL-60 enzyme appeared to be the least selective with respect to the fatty-acyl substituent in the sn-l position.
A similar pattern of a lower level of hydrolysis, but broader Tange, of substrates for the HL-60 cell enzyme as compared with the other mammalian enzymes was also observed with respect to Table 2 Comparison of the actvIties of Vibdo and mammalian lysophospholipases with various lysolipWd substrates All substrates were used at 5, M. Enzyme concentrations and other details of the assays are described in the legends to Figures 5-8 (4.8) 10.75 (16.3) 6.5 (9.6) 42.0 (62) 10.79 (16) * The values in parentheses represent the ratio of the lysophospholipase activity for the respective substrate divided by the activity observed with palmitoyl lysophosphatidylcholine x 100. lysophosphatidylethanolamine substrates (Figures 6c, 7c and  8c) . The HL-60 enzyme hydrolysed the l-oleoyl-sn-glycerophosphoethanolamine substrate at about 15% of the rate of hydrolysis of 1-palmitoyl lysophosphatdiylcholine substrate, and the I-palmitoyl and I-stearoyl lysophosphatidylethanolamine substrates were both hydrolysed at about half that rate. The human eosinophil enzyme hydrolysed the l-oleoyl lysophosphatidylethanolamine at a rate 2.3 times greater than I-palmitoyl, and more than 10 times greater than the rate with I-stearoyl-sn-glycerophosphoethanolamine substrate. This indicates that the eosinophil enzyme displays a marked selectivity with respect to fatty-acyl substituents of lysophosphatidylethanolamine as compared with the HL-60 enzyme. In contrast, the phospholipase A2/lysophospholipase hydrolysed only the l-palmitoyl phosphatidylethanolamine derivative to any appreciable extent.
Similarly, the HL-60 enzyme demonstrated a broader specificity for different fatty-acid substitutions in the sn-I position of the lysophosphatidylserine substrates (Figures 6d, 7d, and 8d) . The HL-60 enzyme hydrolysed I-oleoyl-sn-glycero-3-phosphoserine at about 1.7 times the rate of the I-stearoyl substrate. In comparison, the eosinophil enzyme demonstrated a preference for the l-oleoyl derivative, which was hydrolysed at almost three times the rate of the 1-stearoyl substrate. The murine phospholipase A2/lysophospholipase exhibited a preference for the l-oleoyl-sn-glycero-3-phosphoserine and failed to hydrolyse the stearoyl derivative. In general, the phospholipase A2/lysophospholipase exhibited the most restricted pattern of hydrolysis. That is, only l-oleoyl phosphatidylserine, l-oleoyl lysophosphatidic acid and the lysophosphatidylcholines were hydrolysed to any appreciable extent.
DISCUSSION
The newly described ADIFAB lysophospholipase assay provides a sensitive method for determining lysophospholipase activity. This assay has the sensitivity of a radiometric assay (-10 pmol/ min per ml), yet has a broader applicability than a radiometric assay, owing to the availability of many more nonradiolabelled lysophospholipids (as compared with radiolabelled lysophospholipids). The ADIFAB assay allows for the continuous monitoring ofenzyme activity, and linearity as a function of time can be readily determined. The inclusion of ADIFAB in the assay system may, in fact, assist in the stabilization of the activity and thereby extend the linearity, because exogenous protein has been observed to stabilize the activity of some lysophospholipases [43] . The major limitation of the ADIFAB lysophospholipase assay relates to the requirement of monomolecular fatty acid (and not micelle-associated fatty acid) for the binding by ADIFAB. This is the likely basis for the limitation in the maximal substrate concentration that can be used in the lysophospholipase assay, unless the assay were modified by diluting the terminated enzyme reaction until the fatty acid level is below the c.m.c.
Utilizing the broad range of potential substrates illustrated in Table 2 , it was found that the Vibrio enzyme effectively hydrolyses a number of different lysophospholipids, including lysophosphatidylcholines (palmitoyl and oleoyl). Choline-containing phospholipids do not comprise a significant portion of the lipids found in Vibrio species [44] ; however, lysophosphatidylcholine does stimuldate protective host-cell functions such as monocyte chemotaxis, generation of superoxide and antibody production [45] [46] [47] . Because the Vibrio enzyme is a secreted protein, which enzyme may function to reduce protective host defence mechanisms. In a similar manner, Vibrio-enzyme-mediated hydrolysis of lysophosphatidylserine may affect mast-cell function, since this lysophospholipid may participate in mast-cell degranulation [15] .
The mammalian lysophospholipases also exhibit distinctive substrate specificities. The hydrolysis of l-acyl-2-acetyl-snglycero-3-phosphocholine by the eosinophil and HL-60 lysophospholipases may play a role in the regulation of inflammation, since inflammatory tissues have increased levels of this phospholipid [51] . These enzymes can also hydrolyse lysophosphatidylcholines and, thus, may participate in the regulation of the host defence mechanisms described above. The function of specific lysophospholipids varies with respect to the individual fatty-acyl substituents in the sn-I position, as well as the composition of the polar headgroups [48] [49] [50] ; hence, the fatty-acyl and polarheadgroup specificities of the lysophospholipases may regulate the levels and, therefore, the actions, of specific lysophospholipids. The high-molecular-mass murine phospholipase A2/lysophospholipase enzyme has a more restricted substrate-hydrolysis profile than has the Vibrio enzyme. In view of the proposed role of this enzyme in the regulation of non-esterified arachidonic acid levels by its phospholipase A2 activity, the lysophospholipase activity may serve to remove the other reaction product, the lysophospholipid. Given the involvement of lysophosphatidylcholine in a wide range of biological processes, it would be particularly important to control the level of this lysophospholipid.
In these studies a newly developed continuous lysophospholipase assay has been described. Continuous assays for phospholipase A1 and phospholipase A2 have been previously described using a modified substrate [52] . However one of the obvious advantages of this assay is the ability to utilize any natural substrate. As this assay quantifies the production ofnon-esterified fatty acid, it may be possible to modify this assay for the measurement of phospholipase A1, phospholipase A2 or any other enzyme that releases fatty acid from lipids or proteins. These studies illustrate the utility of the newly developed ADIFAB lysophospholipase assay in determining the substrate specificities of individual lysophospholipases. Given the rapidly expanding appreciation of the functional potencies of lysophospholipids, this new lysophospholipase assay should be a useful tool in the study of lysophospholipids. 
